Abstract Integrated positron emission tomography (PET)/ magnetic resonance imaging (MRI), which can provide complementary functional and anatomical information about a specific organ or body system at the molecular level, has become a powerful imaging modality to understand the molecular biology details, disease mechanisms, and pharmacokinetics in animals and humans. Although the first experiment on the PET/MRI was performed in the early 1990s, its clinical application was accomplished in recent years because there were various technical challenges in integrating PET and MRI in a single system with minimum mutual interference between PET and MRI. This paper presents the technical challenges and recent advances in combining PET and MRI along with several approaches for improving PET image quality of the PET/MRI hybrid imaging system.
Introduction
Positron emission tomography (PET) is one of the powerful imaging modalities that can provide functional information about a specific organ or body system at the molecular level. However, PET does not provide clear visualization of the anatomical structure because it has relatively poor spatial resolution. PET/CT has been proposed to overcome this limitation, and this hybrid system provides more clinically useful information than either a PET or CT stand-alone system [1] [2] [3] . Recently, there has been great interest in the development of combined PET/magnetic resonance imaging (MRI) because MRI can not only offer anatomical information with excellent soft-tissue contrast, but it can also visualize the specific tissues and pathology using various imaging sequences compared to CT ( Fig. 1) [4, 5] . Another advantage of MRI is the absence of ionizing radiation, thus allowing patients to undergo multiple scans without concerns about additional radiation exposure [6] . Moreover, simultaneous PET and MR image acquisition provides better spatial registration compared to the sequential acquisition of PET and CT by correcting a misalignment that may occur due to voluntary patient motion or involuntary motion of the organs caused by respiration, bowel movement, or filling of the urinary bladder during the scan [7] [8] [9] .
There are several conceivable approaches to combining PET and MRI into a hybrid system (Fig. 2) [10] . The most straightforward approach is to place PET and MRI scanners in a tandem configuration with a minor modification of the PET. In tandem configuration, PET and MR images are sequentially acquired by moving a common patient bed between the two scanners, and it could lead to inaccurate registration of both images due to the voluntary and involuntary motions of the patient. Another approach is to insert a PET gantry inside the bore of a standard MRI scanner. This approach allows flexible operation of MRI, like a stand-alone device or PET/MRI hybrid device. In the insert configuration, the PET detector and dedicated electronics are compactly designed because of space constraint of an MR bore, and as a result, the transaxial field-of-view (FOV) of the PET insert would be reduced. The other approach is to fully integrate the PET and MRI scanners in a single gantry. This configuration has the most challenging technical issues associated with the mutual interference between the two imaging modalities including a major redesign of MRI, unlike the insert configuration. The similar feature between the insert and integration configurations is that they allow shorter acquisition time and precise temporal and spatial registrations, resulting in simultaneous PET and MR image acquisition.
Technical Challenges in Combining PET and MRI
For combining PET and MRI into a hybrid system, a PET detector capable of operating in the strong magnetic field of MRI needs to be developed. Additionally, an RF shield should be carefully designed for maintaining homogeneity of MRI fields in the presence of a PET detector.
Conventional PET detectors are composed of a scintillation crystal coupled to a photomultiplier tube (PMT). Among the various scintillation materials, bismuth germanium oxide (BGO) and lutetium oxyorthosilicate (LSO) are the most widely used scintillation crystals for PET applications because BGO is a cost-effective scintillator with high effective atomic number (74) and high density (7.1 g/cm 3 ) and LSO has high density (7.4 g/cm 3 ), fast decay time (∼40 ns) and high light output (25,000 photons/MeV). They are also suitable for PET/ MRI applications because these crystals have magnetic susceptibility close to human tissue. On the other hand, gadolinium oxyorthosilicate (GSO) is not suitable for the PET/MRI because magnetic susceptibility of GSO is more than 1000 times greater than that of LSO or BGO due to gadolinium contained in GSO, and as a result, it leads to significant artifact and distortion in the MR image [11] .
PMTs are very sensitive to the magnetic field [12] . To employ PMT as a photosensor for PET/MRI, several research groups have proposed the method transferring scintillation light to the PMT using a long optical fiber (4-5 m), allowing placement of the PMT outside the fringe field [13] [14] [15] . However, long optical fiber causes a significant degradation of energy and timing resolution due to loss of scintillation light. In addition, a lot of extra space inside the MRI gantry is required because of huge number of optical fibers connected to the detectors of whole-body PET system. Avalanche photodiodes (APDs) have been proposed as an alternative to the PMT because these devices are compact and rugged as well as insensitive to the magnetic field [16, 17] . However, they have a small gain, large excess noise, and large performance fluctuation according to bias voltage and temperature. Recently, silicon photomultipliers (SiPMs) have been proposed as photosensors for PET/ MRI because these devices have a high gain (∼10 6 ) similar to a standard PMT and excellent timing properties down to 100 ps [18] , unlike the APDs as well as insensitivity to the magnetic field.
PET detector and electronics located inside the MRI should be shielded with conductive material to minimize the mutual interference between these PET components and MRI field generated by the RF coil. However, an eddy current can be induced around the conductive material by gradient field, and it can cause a heating problem in the PET detector and electronics. To reduce the eddy current while minimizing RF interference, several research groups have proposed various RF shielding methods for PET that use segmented thin copper with a thickness of a few tens of micrometers and cover the shielding material inside and outside of the PET gantry [19] [20] [21] . Recently, carbon fiber has been proposed as a new shielding material by several research groups and its usefulness has been successfully verified [22] [23] [24] [25] .
Recent Advances in Commercial Whole-body PET-MRI
There has been tremendous scientific and technological progress in the development of PET/MRI in recent years, in spite of the various technical challenges mentioned in the above section. Commercial whole-body PET/MRI systems have been launched by three major vendors (Philips Healthcare, Siemens Healthcare and GE Healthcare) (Fig. 3) and their characteristics are summarized in Table 1 .
Among the three configurations for combining PET and MRI into a hybrid system, the tandem system is the first commercialized system because the technical challenges are much simpler than those in other configurations. Two commercial whole-body PET-MRI systems have been released by Philips Healthcare (Ingenuity TF PET/MRI) and GE Healthcare (Discovery PET/CT + MR combo). PET and MR images are sequentially acquired in both systems by moving a common patient bed between the PET and MRI scanners. Both systems offer time-of-flight (TOF) information that helps to improve signal to noise ratio (SNR) of PET image. The difference between the two systems depends on the location of both PET and MRI scanners. Ingenuity time-of-flight PET and MRI scanners are placed in the same room about 4.2 m apart, while GE's Discovery PET/CT and MRI are located in a separate room. Another difference is the attenuation correction method. Ingenuity TF system uses MRI data for attenuation correction of PET data, in contrast with GE trimodality system which uses CT data [10, [26] [27] [28] .
The first fully integrated whole-body PET/MR was made commercially available by Siemens Healthcare in 2010 (Biograph mMR). The PET detector is installed between the gradient and body coils of 3-T MRI. Since PET detectors are located inside the MRI, an APD photosensor and dedicated front-end ASIC technology are applied to minimize mutual interference between PET and MRI. The radius of the RF coil is reduced to provide space for the PET detector. The Biograph mMR cannot provide TOF information because it has a timing resolution of 2.9 ns due to poor timing capability of an APD used as a PET photosensor, unlike Ingenuity TF and GE trimodality systems. Attenuation correction is achieved by using MRI data [10, 29] .
GE Healthcare also developed fully integrated PET/MRI (Signa PET/MRI) in 2013. The SiPM and lutetium based scintillator are used to construct the PET detector and the detectors are inserted into the RF coil. Signa PET/MRI provides superior timing performance (390 ps) than commercial PET/MRIs offered by other vendors and this system uses the MR-based attenuation correction method, similar to Ingenuity TF PET/MRI and Biograph mMR [28, 30, 31] .
New Trends in MR-compatible PET Design
Although many efforts in developing the PET/MRI hybrid system have been made by various research groups, this paper discusses three unique design concepts, which are different from the PET/MRI design commercially offered by three major vendors. First of all, a PET insert capable of operating inside a 3-T clinical MRI has recently been developed by using digital silicon photomultipliers (dSiPMs) [32] . The dSiPM does not require additional electronics to digitize the output signal from a sensor and has lower power consumption compared to analog SiPM requiring additional electronics for digitization. While the current PET insert has been developed for preclinical PET application, the architecture of the PET detector and electronics can be applied to clinical wholebody PET without significant modification. The detector modules are cooled using a combined water and air chilling system and are shielded with housing of 0.8 mm thick carbon fiber composite to minimize eddy currents induced on the housing (Fig. 4) . Although the developed prototype PET insert has very attractive features, it has various unresolved issues such as signal-to-noise ratio (SNR) degradation between 2-15 %, ghosting artifact generated in echo planar imaging sequences, and relative degradation of the energy resolution (≤10 %) and timing resolution (≤15 %) [33] .
An insertable PET/MRI system, which employs the charge transmission method that transfer charge signal from photosensor to electronics using a long cable, has been developed for human brain imaging in our laboratory [34] [35] [36] . Only PET detectors consisting of LYSO crystals and SiPM arrays are inserted inside the MR bore, and additional electronics are located outside the 3-T clinical MRI bore to minimize the mutual interference between PET and MRI (Fig. 5) . The PET gantry is shielded with a gold-plated conductive fabric tape, which provides sufficient shielding effectiveness as well as flexible shielding geometry. Excellent cross-compatibility between PET and MRI has been acquired by applying the charge transmission method and the new shielding method. However, the current brain PET insert has a limitation such as complexity associated with handling large numbers of charge signal transmission cables. A PET insert is generally located outside the RF transmit/ receive coil in order to transmit and receive the RF signals without interference caused by PET (Fig. 6) . Recently, the RF-transmissive PET insert positioned inside the RF body coil has been developed [37] [38] [39] [40] . The major advantages of this system are that the PET can be inserted into the conventional MR system and the built-in MR body coil can be used as a receiver coil as well as an RF transmit coil. For this purpose, the PET insert is electrically floated relative to the MRI RF ground by using the electro-optical coupling method and leadacid-gel battery for supplying power to the PET. However, this design causes significant attenuation of RF signal intensity due to positioning of the PET insert inside the body coil which needs to be improved.
MRI Based Attenuation Correction
For quantitative PET imaging, the reconstructed data need to be corrected for attenuation. Direct measurement of linear attenuation coefficients at 511 keV is not possible using MRI data acquired by the integrated PET/MRI. The available methods for MR-based attenuation correction (AC) can be grouped into three categories including segmentation-based methods, template or atlas registration-based methods, and joint estimation-based methods.
At present, the segmentation-based methods are the most widely used approach. PET images are co-registered to MR images and then MR images are segmented into different tissue or attenuation areas (i.e., bone, fat, lung, and air) [41, 42] . The regions are then labeled on the basis of their anatomical location and pre-defined attenuation coefficients are assigned to these regions. The main sources of error and inaccuracy of this approach are those involved in the segmentation procedure, the misclassification of regions and the inability to account for attenuation coefficients that vary from subject to subject. The challenging task in these methods is to distinguish bone tissue from air-filled cavities since both imaging objects appear to have the same intensity range on MRI. Ultrashort echo time (UTE) sequence has been used successfully to visualize cortical bone and the attenuation correction in the head and neck region needed to distinguish air and bone can be performed with UTE [43] . Furthermore, the Dixon sequence was used to distinguish water and fat for the segmentation of attenuation-relevant regions in the brain and whole body. With use of these methods, it was reported that a high correlation can be achieved with the reference PET data using CT-based attenuation correction [41] .
The template or atlas registration-based methods employ a stored template or atlas [44] [45] [46] [47] . After a PET/MRI examination, MR images of the corresponding patient are transformed to match the template or atlas. The transformation information between individual patients and their templates or atlases can be subsequently used to generate a patient-specific attenuation map from the template or atlas attenuation map (Fig. 7) [48] . The potential advantage of this technique is that the template can incorporate much more structural details compared to the segmented and labeled technique. Whilst the method may be effective for the brain, accounting for all the anatomical variation in the body will be very difficult. The applicability will also remain limited to a population without anatomical abnormalities.
The joint estimation-based methods use PET emission data and MR anatomic information to create attenuation maps [49] . These methods are based on algorithms of maximum likelihood reconstruction of attenuation and activity (MLAA) developed prior to the advent of integrated PET/MRI systems. PET activity distribution and attenuation are estimated jointly from the PET emission data themselves. By exploiting the consistency conditions that must be satisfied by the non- attenuated data one can derive the attenuation sinogram directly from the emission data. Since the emission data are not sufficient for deriving the attenuation correction factor, the TOF information or MR anatomical prior knowledge or both are employed to improve the accuracy of estimation [50, 51] . The available emission data can also be used as an input for solving the problem of truncated data occurred by a small FOV in MRI. To determine the truncated part of the attenuation map, a modified MLAA algorithm can be applied. In general the joint estimation based methods have the following important limitations: they are only applicable to a PET image that provides reasonable anatomic detail such as the FDG study, they cannot generate attenuation maps of objects outside the patient that do not generate emission data and their accuracy is affected by scatter events.
There are a few common challenges in the development of an attenuation correction method based on MR images. Hardware components such as the PET/MRI patient table and the RF coils are not visible in the MRI-based attenuation images (Fig. 8) [52, 53] . Predefined attenuation maps for the patient table and RF coils have to be added to the patient attenuation map before the PET reconstruction.
The FOV in MRI (45-50 cm) is smaller than the FOV in PET, and this cause truncation errors in patients. In order to solve truncation errors, the outer contour of the patient can be estimated from PET emission images, and missing information in the attenuation image can be filled in using the patient's outer contour [52, 53] . The other approach is to extend the FOV in MRI from the conventional 50 cm to, for example, 60 cm.
New improved MR-based AC methods are still under development and are part of future research. Further improvements in the MR-based AC are essential to provide accurate quantification of regional PET trace uptake, which is important for accurate diagnosis and treatment monitoring.
Motion Correction
Motion artifacts can significantly degrade the effective resolution of PET systems. Motion makes it difficult to detect small lesions, accurately quantify tracer uptake in therapy monitoring studies and precisely define the tumor volume for radiotherapy and surgical planning. Furthermore, the mismatch between the attenuation and emission data when the two are acquired sequentially leads to inaccurate quantification and image artifacts [54] . With respect to voluntary motion, patient motion can occur because of long scan time but it Fig. 7 Steps in a template-based attenuation correction approach for brain PET/MRI: the MR template is transformed to match the individual MR image. The obtained transformation matrix is applied to warp the attenuation map template to generate an individualized attenuation map, to which the coil attenuation map is added to generate a complete patient-specific attenuation map (Reprinted with permission from Wagenknecht et al. [48]) can be reduced through patient cooperation, the use of positioning aids, and by reducing the scan time. With respect to involuntary motion, breathing and cardiac motion are the most important source of motion in whole-body PET/MRI studies. Involuntary motion artifact can be improved by using external devices such as belts, triggering, and optical cameras [55] and MR data.
In gating, list-mode data are filtered on the basis of the respiratory state or cardiac phase such that only counts from a single respiratory or cardiac state are used for image reconstruction. This is accomplished by using an external device to obtain the respiratory or cardiac signal, which is used as a surrogate for internal organ motion. Although external devices can correct for motion using PET data alone, there are disadvantages since additional devices are needed for respiratory or cardiac gating, thus increasing the technical complexity and limiting the clinical usefulness.
In the simple approach using MR data, the respiration model can be constructed from a series of 2D images repeatedly acquired over several respiratory cycles from end-expiration to end-inspiration using MR images (Fig. 9) [56] . The sagittally oriented images acquired using a 2D MR multislice gradient-echo sequence are used to generate a series of 3D volumes corresponding to different points during the respiratory cycle. In simultaneous PET/MRI data, PET motion correction can be performed using a motion model from respiratory-gated MR volumes. More advanced MR techniques including tagged MRI, phase contrast MRI, and pulsed-field-gradient methods can also be used to estimate the nonlinear motion of internal organs. Fig. 8 In PET/MR, coils and other MR devices that should not appear in the MR images must be generated as template images in PET transmission scans and should be added to the attenuation map. Examples of a spine, a head coil and a patient table (a) as well as one transaxial slice of the corresponding templates generated from PET transmission scans are shown (b) (Reprinted with permission from Wagenknecht et al. [48] ) Fig. 9 Self-gated MR image (black: lung compartment) overlaid with original attenuation map at end-expiration (a) and the warped attenuation map at endinspiration (b) (Reprinted with permission from Grimm et al. [56] In post image processing using MR data, MR gating signals caused by MR gating images can be applied to warp the reconstructed PET images corresponding to each of the gates [57, 58] . This simple approach with the use of software only was performed in some of the early studies in which PETderived motion images were applied to each of the gated frames but recent studies on the integrated PET/MRI scanner were performed using MR-derived motion images.
Additional PET Image Processing Using MR Images
PET/MRI also offers potential benefits that help in the improvement of PET images. High resolution anatomical information from MRI can be used to enhance PET image quality, which is especially important for the brain image [59] . Partial volume effect in PET images can be corrected using high resolution MR images and PET reconstruction can be modified and improved with prior information derived from MRI [60, 61] . Additionally, MRI provides higher soft-tissue contrast in comparison with CT, making it easier to define the regions of interest in PET images that do not provide anatomic details such as neuro-receptors or ligands for PET/MRI.
Conclusions
PET/MRI is a new hybrid imaging modality that can provide complementary functional and anatomical information about a specific organ or body system at the molecular level. Although, the tandem PET/MRI system was developed first because it can be easily designed, a fully integrated PET/MRI system has been developed recently and it is increasingly being used by clinicians and researchers. Although validation of the clinical usefulness and investigation of the various methods that helps to improve PET image quality using MR data are still ongoing, if these ongoing processes are completed, we prospect that PET/MRI will become a powerful imaging instrumentation that can be used as an alternative to PET/ CT.
